We identified a bovine B12 trafficking chaperone bCblC in Bos taurus that showed 88% amino acid sequence identity with a human homologue. The protein bCblC was purified from E. 
INTRODUCTION
is an essential micro nutrient for mammals including humans. Unlike some bacteria and algae that are capable of de novo synthesis of B12, humans must obtain it in the diet (1). Although the underlying mechanisms are not yet clearly understood, B12 deficiency, which is caused by insufficient dietary intake, malabsorption, or defective intracellular metabolism, can result in various human diseases such as pernicious anemia, developmental delay, dementia and neurological disorders (2). B12 contains cobalt coordinated by four endogenous ligands from a tetrapyrol corrin ring (3) and a dimethylbenzimidazole base (DMB) from the lower axial part of the corrin ring as a plane. The sixth upper axial ligand determines the biological activities of B12 derivatives. In human cells, adenosylcobalamin (AdoCbl) and methylcobalamin (MeCbl), which are the active forms of B12, are used as the enzyme cofactors of methylmalonyl-CoA mutase in mitochondria and methionine synthase in cytosol, respectively (4, 5). Hence, any form of B12 introduced into cells must be converted to AdoCbl and MeCbl via intracellular B12 metabolism.
Inborn errors of intracellular B12 metabolism have been classified into eight genetic complementation groups (cblA to G and mut), and identification of all the corresponding genes was recently completed (6). The human protein hCblC, which is encoded by the defective gene in the cblC group, was characterized as a B12 trafficking chaperone involved in enzyme cofactor assimilation (7). hCblC binds cyanocobalamin (CNCbl), MeCbl and AdoCbl in the base-off states (8, 9), in which the DMB ligand is dissociated from cobalt. The protein catalyzes the reductive elimination of the cyanide ligand from CNCbl (9) and the elimination of the alkyl ligands (the methyl and the 5'-deoxyadenosyl ligands of MeCbl and AdoCbl, respectively) using reduced glutathione (GSH) as the cosubstrate (10). The reaction products of decyanation and dealkylation are cob(II) balamin (Co 2+ Cbl) and cob(I)balamin (Co 1+ Cbl), respectively, under anaerobic conditions, which are extremely oxygen sensitive. Although the oxygen sensitive Cbls may be the substrates for MeCbl and AdoCbl synthesis (6), there is no evidence that they are directly used in the enzyme cofactor synthesis. Otherwise, without an appropriate protection, aquo/ hydroxocobalamin (OH2/OHCbl, the pKa for the deprotonation of OH2-to OHCbl is 7.8, therefore they exist as a mixture at physiological pH (11)) would be formed by aerobic decyanation and dealkylation.
Free OH2/OHCbl is reactive with GSH forming glutathionylcobalamin (GSCbl) (12) and also catalyzed the oxidation of thiols to their disulfide forms (13). GSH consists of three amino acids (L-γ-glutamyl-L-cysteinyl-glycine) and is the most abundant (1-10 mM) non-protein thiol in mammalian cells. GSH functions as a major intracellular antioxidant maintaining the redox status and mediates cellular signaling involved in proliferation and apoptosis (14). The ratio of GSH/GSSG (oxidized disulfide form of GSH) is maintained ≥ 100 under normal conditions and the elevated level of GSSG decreasing the ratio http://bmbreports.org BMB reports Fig. 1 . Amino acid sequence alignment (A) and SDS-PAGE (B) for purified bCblC. Identical amino acids of bovine (bCblC, NP_001015588.2) and human (hCblC, NP_056321.2) proteins are on grey background. Conserved B12 binding motif 122-HXXG-X29-GG-166 is indicated with asterisk and the Ton-B domains are underlined. Purified bCblC fractions by size-exclusion chromatography were analyzed by 15% SDS-PAGE and the gel was stained with coomasie brilliant blue.
Fig. 2. Binding of cobalamins to bCblC (A) and comparison of OH2/OHCbl in the various states (B). UV-Vis absorption spectra (A) for free (dashed traces)
and bCblC-bound cobalamins (solid traces) were obtained in 50 mM Hepes pH 7.8, 300 mM KCl and 5% glycerol. bCblC-bound cobalamins were prepared by mixing bCblC and the indicated cobalamins at the molar ratio of bCblC/Cbl = 2, 2, 10 and 10 for AdoCbl, MeCbl, CNCbl and OH2/OHCbl, respectively. The spectrum of bCblC-bound OH2/OHCbl from (A) was compared with the spectra (B) of base-on OH2/ OHCbl in 50 mM Hepes pH 7.8, 300 mM KCl and 5% glycerol, base-off OH2Cbl in 7 M H2SO4 and base-on OHCbl in 1 M NaOH. Dashed lines indicate wavelengths of 358 and 535 nm.
of GSH/GSSG has been a marker of oxidative stress that can cause various diseases (15).
In this report, we described the identification and the characterization of bCblC that is a bovine homologue of the human B12 trafficking chaperone. In addition, we provide evidence that bCblC plays a role in the protection of OH2/OHCbl from GSH.
RESULTS

Identification and purification of bCblC
A putative B12 trafficking chaperone of Bos taurus (bCblC) was identified by amino acid sequence alignment (Fig. 1A) . The protein bCblC was composed of 280 amino acids and shared 88% sequence identity with the human homologue hCblC. A putative B12 binding motif HXXG-X29-GG (16) and a Ton-B domain at the C-terminus (7) that might interact with a putative lysosomal membrane B12 transporter (17) were found to be conserved in bCblC.
The recombinant protein bCblC was produced by over-expression of the encoding gene bcblc in E. coli. The protein was homogenously purified by two-step column chromatography (His-tag affinity chromatography and a size exclusion chromatography) (Fig. 1B) . bCblC behaved as a monomer of ≈ 32 kDa on a column of size-exclusion chromatography, which agreed well with the calculated molecular mass (31. 6 kDa + 0.8 kDa of 6 × His-Tag = 32.4 kDa) from the deduced amino acid sequence. No absorption in the range of visible wavelength (400-700 nm) was detected for bCblC indicating that the protein contained no colored cofactor.
Base-off binding of CNCbl, MeCbl and AdoCbl bCblC bound CNCbl, MeCbl and AdoCbl in the base-off states showed significant changes in the UV-Vis absorption spectra (Fig. 2A) . The addition of bCblC to CNCbl shifted the γ-peak at 361 nm and the α/β-peak at 550 nm to 359 and 531 nm, respectively. When compared with the absorption spectrum for base-off CNCbl (Supplementary Fig. 1 ), CNCbl bound to bCblC was in the base-off state as was the case for hCblC (8). The absorption spectra of MeCbl and AdoCbl were also significantly altered by the addition of bCblC with the blue shift of the α/β-peaks at 520 and 525 nm, respectively, to 459 nm ( Fig. 2A) . The spectral changes were diagnostic of the base-off transition of the alkylcobalamins ( Supplementary Fig. 1, (11) ). Binding of cobalamins to bCblC was titrated by UV-Vis spectroscopy as described in the Supplementary Methods and the dissociation constants for CNCbl, MeCbl and AdoCbl were determined to be Kd = 16.1 ± 1.0, 8.6 ± 2.2 and 11.7 ± 2.7 μM ( Supplementary Fig. 2 ), respectively.
Transition of OH2/OHCbl upon binding to bCblC
Binding of OH2/OHCbl to bCblC induced minor but clear changes in the UV-Vis absorption spectrum ( Fig. 2A) . The α/β-peak at 535 nm was split into two distinctive peaks of 508 and 535 nm, and the γ-peak at 351 nm was shifted to 358 nm with a concomitant increase in absorption. After removing the
